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Executive Summary 

A summary of the main findings in this study are presented in bullet form below. For a 

more complete discussion of these summarized points please read further. 

 This study was the 3
rd

 phase of development of the Sanibel Comprehensive Nutrient 

Management Plan. This study focused upon the surficial aquifer and its potential for nutrient 

loading to Sanibel’s near-shore waters. 

 For this study 52 wells were installed into the surficial aquifer of Sanibel. The perimeter of 

the island was the target of most well installations to be able to estimate groundwater flow on 

to or off the island. Level loggers were installed in wells to estimate groundwater flow, and 

samples were collected from the wells on four occasions over a year and analyzed for 

nutrient concentrations. 

 This study (March 2015-February 2016) occurred during an El Niño event which brought 

unusually high rainfall to the study area during what would normally be considered the dry 

season. Results from this one year study should be considered in the context of about 60% 

more rain falling than during an “average” year. 

 Estimated annual surficial aquifer groundwater flows discharging to surface waters from 

Sanibel were comparable in volume to annual stormwater discharges from Sanibel. High 

discharge areas included east end shorelines, end of Bailey Road, across from Murex Lakes, 

and the Sanctuary development. 

 Groundwater discharge to Sanibel Slough was related to the controlled surface water level in 

the slough. After rain events hydraulic gradients would force groundwater toward the slough. 

During dry periods, the artificially high level of the slough would produce flow away from 

the waterbody through the surficial aquifer. A steady exchange of groundwater and surface 

water occurs along Sanibel Slough. 

 In general, nitrogen (N) and phosphorus (P) concentrations in the surficial aquifer were 

greater than stormwater concentrations (which were investigated in Phase 2). Additionally, 

surficial aquifer N and P were much greater than SW Florida background surficial aquifer 

concentrations (Florida DEP monitoring network). 

 Golf courses and wastewater holding land use types had significantly higher N and P 

concentrations than other land use types analyzed in this study.  

 Loads calculated from flows and concentrations obtained during this study suggest annual 

loading of nitrogen from the aquifer to surface waters may be greater than annual stormwater 

loads, while phosphorus loads are about the same as stormwater. 

 Results of this study confirm that surficial aquifer discharge volumes and nutrient 

concentrations are comparable to stormwater discharges and make groundwater an essential 

consideration in developing nutrient management plans. 
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Introduction 

The Sanibel-Captiva Conservation Foundation (SCCF) Marine Lab identified a number 

of data needs for development of a comprehensive nutrient management plan for the City of 

Sanibel (SCCF 2013). Nutrient loading to nearshore and interior waters from Sanibel’s surficial 

freshwater aquifer was recognized as an important component in the nutrient mass balance on the 

island. The surficial aquifer consists of the saturated part of the upper sequence of 

unconsolidated, unconfined sediments on Sanibel and is also known as the water table aquifer 

(Missimer 1976). A difference in water table level between spots in the surficial aquifer results in 

a hydraulic gradient.  Water moves from the area of higher elevation to lower elevation through 

the aquifer.  If the aquifer level is higher than sea level, water discharges off of Sanibel into the 

surrounding Gulf and sound ecosystems. Aquifer water levels usually vary significantly between 

seasons, being higher in the wet season (with higher rates of discharge from island) and lower in 

the dry season.  

The work for this phase of the Sanibel Comprehensive Nutrient Management Plan 

included installation of groundwater monitoring wells, flow monitoring, water quality sampling, 

and data analysis. Periodic sampling provided water quality information for groundwater at each 

well and groundwater flow estimates are made based upon between–well pressure gradients 

estimated by depth loggers installed in the wells.  Nutrient concentration data was integrated 

with flow data to provide nutrient loading estimates to the Gulf of Mexico, Pine Island Sound 

and Sanibel Slough.  GIS-based analysis provided a large-scale view of nutrient hotspots and 

general groundwater flow characteristics. The results of this study are based on one year of 

monitoring from March 2015 through February 2016. Seasonal changes have significant effects 

on both surface and ground water quality. Dry season on Sanibel is normally from about October 

15th through June 15
th

.  On average, about 30-35 inches of rain falls in the wet season and 10-12 

inches in the dry season.  Due to a strong El Niño, the dry season of 2016 was very wet during 

the study period with 24.5 inches of precipitation (SCCF local weather stations) between October 

2015 and the end of February 2016 compared to a historical mean of 8.9 inches (MesoWest 

Station TS755) during this period. Groundwater levels were as high for October through 

February (normal dry season) as they were in the wet season for this study. We adjusted our 



4 

 

analysis to include the period of October 2015 through February 2016 as part of wet season. Due 

to this adjustment, a greater amount of data was collected during the wet season than dry season. 

Methods 

Monitoring wells were installed at 52 locations (Figure 1; Table 1) from January 2015 

through February 2015 to provide perimeter coverage of the surficial aquifer discharge zone on 

Sanibel and to acquire information on aquifer characteristics for the interior of the island. Several 

well sites were added later in the project to provide additional data for aquifer interactions with 

Sanibel Slough and the eastern gulf shore of the island. Placement of monitoring wells focused 

on providing adequate information to estimate the flowrates of surficial groundwater exiting (or 

entering) the shoreline of Sanibel while staying within the constraints of a lean budget. Six wells 

were installed along Sanibel Slough to provide a picture of groundwater interaction with this 

waterbody. Most wells were installed as pairs to provide the hydraulic gradient information 

required to estimate groundwater movement. The monitoring wells consisted of 1.25 inch 

diameter PVC well points connected to sufficient length of PVC pipe to be inserted at least 1 

meter into the surficial aquifer zone (Figure 2). A hand auger with up to 15 feet of extensions 

was used to drill the bore holes. Wells were installed during the dry season of 2014-2015 to take 

advantage of the lower seasonal water level and prevent water level dropping below well points 

later in the study. After initial installation, each well was developed by pumping at least 20 

volumes of water using a Masterflex® tubing pump with 200 ml/minute capacity. A schedule 

was developed to sample each well (or well set) two times in the wet and dry seasons, allowing 

assessment of differences in concentrations and flows (Table 2). During each season the sites 

were scheduled to be sampled once after a rainfall event of at least 0.5 inches in previous 24 

hours and once during a dry period of at least 7 days. The tubing pump was used to obtain 

samples after pumping a minimum of 4 well volumes (Figure 3). Samples were preserved per 

Florida DEP SOP 1000, and shipped to a NELAC certified laboratory for nutrient analyses 

within the allotted holding times. Samples were analyzed in the field for turbidity, dissolved 

oxygen, pH, salinity, and CDOM using an YSI EXO1 or EXO2 sonde unit.  

To obtain well water depth for determination of hydraulic gradient between well sets, 12 

Onset® hobo depth loggers (Figure 4) were deployed in wells for 1-2 week periods and then 

rotated to another 12 wells. The depth logger rotation schedule was designed to allow 
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information to be collected on all sets of wells without the need to purchase data loggers for each 

well. Since the loggers were used in pairs to determine hydraulic gradient, the best matched pairs 

of loggers were determined by submerging all loggers in water of a constant depth and allowing 

them to log for two hours. The recorded depths of each logger were then compared to find the 

pairs with best matched results. These pairs were then used together for the duration of the study 

to minimize error in determining hydraulic gradient between wells. Data from the depth loggers 

was downloaded using an Onset logger shuttle in the field (Figure 5) and then downloaded to an 

SCCF computer from the shuttle using Hoboware® software.  Depth data was compensated for 

differences in barometric pressure using barometer readings from the SCCF RECON GOM site 

in the Hoboware software. All depth data was adjusted to mean sea level (MSL) by adding a 

correction value unique to each well. Elevation relative to MSL for a reference point on each 

well was determined using a Trimble GEO7x GPS connected to Florida elevation base stations. 

A laser level was used to determine relative difference in elevation (and hydraulic gradient) 

between sets of wells.  

Rainfall data was collected at our real time rain recording gage located adjacent The 

Dunes stormwater system weir off Sandcastle road. Rain data was analyzed simultaneously with 

well depth data to determine the effect of rain events on groundwater level. Tide data was 

obtained from the SCCF RECON station located at the mouth of Tarpon Bay. Tidal fluctuations 

were also evaluated simultaneously with groundwater depth data to determine the influence of 

tides on water level.  

Flow estimates rely on subsurface hydrological data collected in previous studies by 

Missimer (1976) , Boggess (1974), Provost (1953), Fenton (1989), Johnson Engineering (1990 

and 1987) and Dyer et al. (1990). These studies found variability in subsurface soils but shelly 

sand made up the majority of the surficial aquifer substrate. All of our well installations had at 

least some shelly sand in the surficial aquifer. Missimer (1976) measured surficial aquifer 

conductivity (k) and found it to range between 133 and 266 ft./day on Sanibel. He also noted that 

k near Sanibel Slough is likely 65 ft./day or less due to higher silt and organic content. Tests by 

DRMP (1990) for the City of Sanibel found saturated zone conductivity to be 245 ft./day in 

shell-sand deposits near the Center for Rehabilitation Of Wildlife and 109 ft./day in sandy soils 

near Sanibel Slough behind SCCF. They also found very low k (9.5 ft./day) at a former tree farm 
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site which may have similar hydraulic conductivity to wooded areas of Sanibel.  Following 

previous work by Missimer we used a conservative saturated zone hydraulic conductivity of 133 

ft./day (40 m/day) for sand shell substrate sites along the Gulf coast of Sanibel, 65 ft./day (19.7 

m/day) for sites with sand but less shell located along the Sanibel Slough and Pine Island Sound 

coast (and some interior sandy sites) and a k of 10 ft./day (3 m/day) for sites in wooded or 

heavily vegetated sites with some peat and less shell.  Discharge estimates were determined by 

application of Darcy’s Law. Discharge volume was estimated using the following equation: 

Q= kA dh/dl 

Where Q = discharge rate (volume/time), k = hydraulic conductivity, A = cross sectional area of 

aquifer, and dh/dl = hydraulic gradient. To obtain hydraulic gradient we installed two wells at 

each monitoring site separated by enough distance to obtain a head differential between the two 

wells. The continuously recording depth loggers provided water depth in each well 

simultaneously and a hydraulic gradient (dh/dl) was calculated between the sets of wells by 

taking the difference in depth divided by the distance between wells.  

Mean surficial aquifer thickness on Sanibel was estimated to be 12 feet (3.6 m) by 

Missimer (1976). Other studies found surficial aquifer thickness to range between 12 and 20ft. 

and never more than 25ft. (Boggess 1974, Missimer 1989, Johnson Engineering 1987 and DRMP 

1990). We used the 12ft. (3.6m) mean aquifer depth per Missimer, and DRMP. Wells were 

installed along the perimeter of Sanibel to be able to estimate discharge from the entire island by 

interpolating between well sites. The estimated cross sectional area needed to calculate discharge 

rate between each well site was equal to the half the distance between the adjacent sites (closest 

well on either side of site) multiplied by the 3.6 meter average surficial aquifer depth. 

Nutrient loading rates were estimated by multiplying flow rates by nutrient 

concentrations obtained from sampling events at the well sites. GIS was used to show nutrient 

concentration and flow dispersion on Sanibel as separate map layers. A GIS layer was also 

developed to show the product of nutrient concentrations and flow rates (loadings) to better 

pinpoint the locations of higher nutrient transport associated with the Sanibel surficial aquifer. 

This information can be used to predict nutrient hotspots and possible sources. An annual total 

groundwater discharge rate was estimated from this work and concentration data was used to 

provide estimates of the mass of nutrients leaving Sanibel via groundwater. 
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A general linear model (GLM) ANOVA was used to evaluate possible factors influential 

in surficial aquifer nutrient concentration differences. Factors used in the evaluation included: 

1. Wet/dry season 

2. Rain/no rain event 

3. Reclaimed wastewater irrigation/no reclaim water 

4. Lake (or Sanibel Slough) proximity/no lake 

5. Land use type 

6. Fertilizer/no fertilizer period 

7. Tide influence/no tide 

8. Evapotranspiration. 

Data was natural log transformed before running the GLM to meet the assumption of 

normal sample distribution. Sites were assumed to be influenced by lakes if they were within 60 

meters (Missimer 1976), and the fertilizer ban period was between July 1 2015 and September 

2015. Rainfall data and tidal fluctuation was plotted against water level data for each well and 

relationships were analyzed inferentially. From our evaluation, and as seen in other studies, tides 

were found to be influential in groundwater level fluctuations if a site was within 70 meters of 

the Gulf of Mexico or 150 meters of Pine Island Sound (Provost 1953). Reclaimed irrigation 

water was used as a factor if at least 1 million gallons/year were used within 100 meters of a site. 

Evapotranspiration rates were estimated by calculating mean water level drawdown in aquifer 

levels during daylight hours. Water table drawdown over 10% was categorized as the greatest 

rate, with other categories for 5-10%, 1-4% and 0%. Comparison of differences in nutrient 

concentrations between wet and dry seasons was accounted for in the study design; however dry 

season was expected to follow historical patterns (October 15
th

 through June 15
th

 or July 1
st
).   

The period from October 2015 through the end of the study in February 2016 could not 

be considered “dry” due to rainfall nearly 3 times the average during this period (Figure 6), 

keeping the surficial aquifer at wet season levels. Therefore the period from October 2015 

through the end of this study was evaluated as part of the wet season instead of the originally 

planned “dry” season. This caused an unbalanced distribution of water quality samples which 

affected the power of some of our analyses – especially when comparing differences between 
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wet and dry season. Therefore statistical analyses were not as strong as planned for detecting true 

differences between dry and wet season.  

Interpolated maps illustrating nutrient concentrations, flow rates and nutrient loads from 

Sanibel were prepared using ArcGIS 10.1. The inverse distance weighing (IDW) method was 

applied to produce groundwater flow rate (and loading) interpolations using only the two closest 

data points as neighbors. This method more accurately portrays the total discharge calculations 

which were made along the perimeter of Sanibel (estimates from interpolation between perimeter 

sites). IDW was also used for nutrient concentration interpolation using 8 neighbors to form the 

interpolated surface. 

Results and Discussion 

Rainfall during the study period (March 2015-February 2016) was over 69 inches as 

compared to mean annual rainfall of about 42 inches (60% greater volume). The expected dry 

period from October through February was evaluated as part of the wet season due to 3 times 

greater rainfall than average during this period. The results found here should be evaluated in the 

context of this unusual rainfall volume brought on by the El Niño event during this study period. 

In general all well sites located within 70-150 meters of the shoreline were influenced by 

tide (Figure 7), while wells greater than 150 meters from shore were not. Similar relationships 

between tides and groundwater level were also found by Provost (1953). All wells showed 

increased water depth during significant rainfall events (Figure 8). This relationship for Sanibel’s 

surficial aquifer is well documented by Boggess (1974), Missimer (1976), and Provost (1953).  

The effects of evapotranspiration on water level were also evaluated by reviewing water level for 

diurnal patterns not associated with tides. Studies (Mazur et al. 2014) have identified normal 

diurnal patterns of water level drawdown during the daytime in areas where evapotranspiration 

has significant effects on surficial aquifer levels. This pattern is evident in many of the 

monitoring wells (Figure 9) and especially prevalent in interior wells surrounded by vegetation. 

Irrigation effects may be difficult to separate from ET effects as irrigation normally occurs 

during the non-daytime period which is the same time at which ET is small and aquifer levels 

rebound after a daytime drop.   

Using the Darcy’s Law equation and assumptions outlined in the methods section, 

estimated total annual discharge of water from Sanibel Island to adjacent surface waters is 4.824 
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million cubic meters (Table 3). Of this, 3.51 million cubic meters flowed into the Gulf, 1.08 

million cubic meters to Pine Island Sound and 240,000 cubic meters to the Sanibel Slough (Table 

4).  These estimates show that surficial groundwater discharge volumes are significant relevant 

to Sanibel stormwater runoff estimates made in Phase 2 of this long term project (Figure 10). 

Groundwater discharge into the Gulf is 3.6 times the volume of stormwater (981,488 m
3
) leaving 

Sanibel for the Gulf, 42% of the stormwater discharging into Pine Island Sound (2.57 million 

cubic meters) and 13% of stormwater flowing into the Sanibel Slough (1.81 million cubic 

meters). Overall groundwater discharge estimated for 2015-2016 was 86% of the mean annual 

stormwater discharge estimated in Phase 2 of this study (Figure 10; Thompson et Al. 2015). This 

estimate should be evaluated in the context of the strong El Niño which produced greater than 

average rainfall in 2015-2016, but clearly groundwater flowrates are significant and comparable 

to stormwater runoff volumes. This makes sense in light of the Sanibel specific runoff 

coefficients produced in the previous study. For Sanibel overall, approximately 32% percent of 

rainfall (Thompson et Al. 2015) was estimated to discharge as sheet flow, leaving 68% to 

percolate into the surficial aquifer or to be lost through evapotranspiration and interception. At 

this estimated total groundwater discharge rate (for 2015-2016), approximately 28% of Sanibel’s 

rainfall is lost through discharges into surface waters through the surficial aquifer. The remaining 

40% would be stored in deeper aquifers, lost through evapotranspiration or pumped and used as 

irrigation. 

Wet season groundwater discharges were significantly greater than dry season for 

groundwater monitoring sites on the Gulf perimeter (paired t-test, sq.rt. transformed data, p = 

0.001, T = 6.5) (Figure 11) and for sites on the Pine Island Sound perimeter (paired t-test, sq.rt. 

transformed data, p = 0.001, T= 13.2) (Figure 12). The pattern for sites on the Sanibel Slough 

were reversed with dry season groundwater flows greater than wet season flows (paired t-test, 

square root transformed data, p = 0.001, T= 4.1) (Figure 13).   

Rainfall increases the hydraulic gradient (and discharge rate) at all groundwater sites 

discharging to waterbodies which have uncontrolled water levels. The water level in the Sanibel 

Slough is held artificially high by control structures and is only released in times of flooding.  

This produces an artificially large hydraulic gradient (and discharge rate) away from the slough 

during the dry season. During the wet season the groundwater level rises to meet slough water 

levels and the gradient is reduced.  An illustration of the relationship between the controlled 
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water level of the Sanibel Slough and adjacent surficial groundwater is shown in Figure 14. The 

well adjacent Sanibel Slough has a groundwater elevation greater than the one 60 meters away 

due to the controlled high water level. In this situation the hydraulic gradient is away from the 

slough and groundwater travels away from the slough (Figures 14 and Figure 15). As rainfall 

enters the surficial aquifer, groundwater levels rise more quickly than surface water levels, which 

is normal due to pore space in soil filling more rapidly (Figure 14). The hydraulic gradient 

reverses and groundwater flows toward the slough (Figure 16). After the rain event, groundwater 

levels recede, and the artificially high water level in the slough causes groundwater to begin 

flowing away again (Figures 14 and 15).    Previous studies have shown that surficial 

groundwater adjacent to lakes and other waterbodies normally flows toward the waterbody due 

to greater ET at the waterbody (Sacks et Al. 1998, Missimer 1976, Boggess 1974).  

GIS-based interpolated maps of groundwater flow patterns derived from data gathered 

during this study show a general pattern of flow off Sanibel and into the Gulf of Mexico and 

Pines Island Sound over the eastern portion of the island and on to the island (tidal influx) in the 

western portion (Figures 17 and 18). The limited distribution of flow measurement sites result in 

coarse interpolations of actual flow patterns across the whole of Sanibel. However significant 

groundwater discharge areas were found along the eastern Gulf shore of Sanibel, at the end of 

Bailey Road, and northeast of the Sanctuary development and golf course (Figures 17 and 18).  

The organic content of the soils north of Sanibel Captiva Rd. reduce flowrates in that area (lower 

conductivity). The shelly sand beach soils allow for greater flows at those sites, however greater 

surficial aquifer discharge rates seem to be correlated with greater development (Figures 17 and 

18). With development comes reduced evapotranspiration and greater irrigation. The three golf 

courses have high irrigation rates but groundwater discharges (into near shore waters) from those 

areas are less than beach sites due to the organic content of the soils and vegetation (Table 4).   

104 water quality samples were collected at the groundwater monitoring sites per the pre-

determined schedule (Table 2).  Notably high concentrations of both nitrogen and phosphorus 

were found at the golf course sites (SGW 13, 17, 27, 29, 30, 40), adjacent to the reclaimed water 

ponds (SGW 35, 36, 37, 38) and the site adjacent to a wastewater lift station and former 

wastewater treatment plant in Gumbo Limbo (SGW25) (Table 5, Figures 19-22). Inorganic 

nitrogen is a more important pollution indicator than total nitrogen because it is immediately 

available for primary production (algae, etc.) after discharge to surface waters whereas organic 
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nitrogen in groundwater is mostly dissolved organic matter (DOM) and not readily available for 

uptake by primary producers. The decomposition of plant matter in and on soil is the main 

source of DOM in the surficial aquifer. Inorganic nitrogen at the golf course sites was 3-60 times 

as high as the mean surficial aquifer background concentration for southwest Florida (0.34 mg/l) 

(FLDEP 2016; Figure 19).  

Reclaimed wastewater has relatively high levels of orthophosphate (about 3 mg/l per 

Sanibel Public Works). The levels of OP found at the golf courses (which irrigate with reclaimed 

water) and at the reclaimed water pond sites are 10 to 25 times higher than the mean southwest 

Florida surficial aquifer background concentration (Florida DEP 2016). The site adjacent the 

Gumbo Limbo lift station (SGW25) was over 20 times the background concentration. The 

overall mean concentrations of TP, OP, TN and IN in Sanibel’s surficial aquifer are 2-5 times the 

southwest Florida mean surficial aquifer background concentration (Table 5; Figures 19-26; 

Florida DEP 2016).   

Each monitoring well site was classified by land use type (Table 6), and mean nutrient 

results compared using GLM ANOVA (Figure 27-30).  The main objective of site placement 

was to provide estimates of nutrient loading from Sanibel’s surficial aquifer, thus we did not 

have a balanced distribution of well sites by land class. However statistical comparison was still 

possible and significant differences were found when comparing results from wells on different 

land classes. The two monitoring wells (35 and 37) adjacent the reclaimed water holding ponds 

were classified as WWTP land class type due to their unique location. After a few months of 

monitoring, well 25 at the west end of the Gumbo Limbo subdivision was also classified as 

WWTP due to its close proximity to the wastewater lift station and a WWTP formerly located 

there due to the high nutrient concentrations found during sampling. Samples collected there had 

the highest mean phosphorus (2.54 mg/l) levels of all sites and very high ammonia (1.76 mg/l), 

both suggesting a nearby “source” or legacy source of nutrients. Domestic wastewater from the 

nearby lift station was the first consideration; however current neighbors were contacted to see if 

a community garden or other possible source may have been located on the site at one time. We 

also suggested that facilities from a past package wastewater treatment plant for the Gumbo 

Limbo development may have been near the site. A document was found (Florida PSC 1992) 

which highlighted operating problems associated with the former Gumbo Limbo wastewater 

treatment facility including: aeration basin overflows, perc pond capacity exceedance, severed 
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and leaking influent wastewater lines, perc ponds overgrown with pines, extreme capacity 

exceedance, and an abandonment of the facility by the original owner in 1988 (with an auction of 

land necessary to expand the plant to meet capacity requirements. The City of Sanibel’s Public 

Works Director latter confirmed that the old Gumbo Limbo wastewater treatment plant was 

located on that site.   

Nitrogen in raw domestic wastewater is primarily in the form of ammonia with 

concentrations from 30-50 mg/l or more (Bicki et Al. 1984; Thompson, 2011 SCCF data). 

Ammonia nitrogen is fairly immobile in organic-rich soils such as those at the Gumbo Limbo 

monitoring site due to the soil’s cation exchange capacity (Reddy et Al. 2010). However it is a 

great fertilizer for plants. Our findings of high TN and relatively high ammonia in that site’s 

groundwater reflect the immobility of the original ammonia from the raw wastewater inputs 

(spills), and the uptake of that ammonia by plants which converted it to the organic nitrogen 

(shown in the high TN values). Phosphorus is also (relatively) immobile in soils and we see the 

highest levels of TP in the groundwater at this site also due to those legacy wastewater nutrient 

inputs. Sites which had package wastewater plants with similar problems before Sanibel’s 

WWTP came on line may exhibit similar high concentrations of nitrogen and phosphorus due to 

legacy inputs. Septic systems or on-site wastewater treatment and disposal facilities (OSTDs) 

were previously the main method for disposing of domestic waste on Sanibel before the City 

installed the centralized sewer and treatment system. Legacy nutrients form these OSTDs may 

still be contributing to the total nutrient load exiting Sanibel (through groundwater).   

Inorganic nitrogen (IN) was highest in the surficial aquifer near golf courses (1.1 – 20.9 

mg/l, Table 5), averaging about 8 times higher (7.9 mg/l) than other land classes except for the 

WWTP land use (2.14 mg/l) (Figure 27). However the main component of the IN was ammonia 

which is characteristically immobile in soils (IN = ammonia + NOx). Nitrate, the mobile form of 

IN in groundwater (NOx) was much lower than ammonia for golf courses (Table 5). The 

anaerobic, wetland characteristics of the soil surrounding the well installations near the golf 

courses were likely responsible for the partitioning of inorganic nitrogen as mostly ammonia. 

Fertilizer applied to the golf courses in ammonia form is not readily converted to the mobile 

NOx form due to poorly aerated soil.  

A statistically significant greater concentration of IN and TN was found in golf course 

samples than other land use type except WWTP (Figure 28; Table 7).  TP and OP were also 
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significantly greater for golf courses than high, medium, and low density residential and natural 

land classes (Figures 29 and 30; Table 7).  The WWTP land class had statistically greater levels 

of TN, IN, TP and OP than low, medium and high density residential lands as well as the natural 

land class (Table 7). 

The high concentration of nutrients in the surficial aquifer beneath golf courses can be 

attributed to fertilizer use, irrigation with reclaimed wastewater, low hydraulic conductivity, and 

poorly aerated soils. Aquifer monitoring sites on lands classified as WWTP and adjacent 

Sanibel’s treated wastewater holding ponds are likely measuring transport of nutrient enriched 

water through the groundwater. Treated wastewater can have between 4-6 mg/l TN and 2-3 mg/l 

TP (data supplied by City of Sanibel, 2014) which are high values relative to water quality 

criteria.  

Principal component analysis of similarity (PCA, Primer 6®) was performed using mean 

nutrient concentrations and groundwater flow rate and outcomes were grouped by land class 

types. Those sites closest together in the PCA plot are most similar (Figure 31). In general, the 

PCA grouped golf courses and WWTP sites near the higher nutrient concentration side of the 

plot, and natural sites near the lower concentration side of the plot (Figure 31).  Residential land 

uses also grouped together. These groupings further illustrate findings discussed above. 

Reclaimed wastewater contains high concentrations of nitrogen and phosphorus and is 

used to irrigate golf courses and some commercial and residential land.  Comparison of 

groundwater samples taken from wells installed on lands which average over 1,000,000 gallons 

of reclaimed water use annually showed statistically significant higher mean TN, IN, TP and OP, 

(Figures 32-35, Table 7).  In phase 2 of this study (Thompson, 2014), mean OP concentrations 

were found to be higher in stormwater runoff from reclaimed water irrigated sample sites. Golf 

courses use about 75% of reclaimed water consumed on Sanibel. This equates to about 260 

million gallons each year spread equally between the three golf courses. This study supports 

previous work on Sanibel which identified irrigation with reclaimed water as a major source of 

nutrient load to the environment. PCA analysis grouped reclaimed water irrigated sites at the 

higher concentration (but moderate flows) end of the plot (Figure 36).   

After removing golf courses from the comparison of nitrogen and phosphorus between 

sites irrigating with reclaimed water and those not using reclaimed water, no significant 

differences could be found (GLM ANOVA).  Golf courses use over 75% of the reclaimed water 
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consumed on Sanibel. The next largest individual user of reclaimed water on Sanibel uses only 

1/10
th

 of the volume of a golf course. Since golf courses use such a majority of the reclaimed 

water, collinearity exists in the GLM evaluation of land use types and reclaimed water use 

(model cannot be run evaluating interaction of these two factors). This condition makes 

identification of the main effect less clear. It cannot be determined if the significantly greater 

concentrations of nutrients in aquifers beneath golf courses is due mainly to fertilization on the 

golf courses, or reclaimed water use or both.  

Mean dry season IN and TP in the surficial aquifer were significantly greater than the 

mean wet season concentrations (Table 7). Phase two results found higher nitrogen 

concentrations in dry season stormwater runoff than wet season. Taken together, these results 

suggest that fertilizer applied during dry season (but banned during wet season) have a 

significant impact on both stormwater runoff and the surficial aquifer which collects a substantial 

portion of rainfall volume. Slightly greater volumes of reclaimed water are also applied during 

the dry season. Due to the disproportionate number of groundwater samples taken during the 

unusual wet season during this study, the power of the statistical analysis was not as robust as 

planned. Differences in TN and OP may also have been found with a greater number of dry 

season samples. 

Mean salinity was found to be less at sites near lakes (Table 7). The salinity relationship 

between lakes on Sanibel and the surficial aquifer was discussed by Boggess (1974). He states 

that the salinity of some Sanibel lakes is inversely related to groundwater level. Local 

groundwater flow is usually toward lakes due to higher evapotranspiration rates, but during dry 

season lake levels may become higher than water table levels and the flow can be reversed 

(Sacks et Al. 1998). Significantly greater concentrations of IN and TN were found at sites within 

60 meters of a lake of over 1 acre surface area (Table 7). Higher nitrogen concentrations at sites 

near lakes may be explained by the tendency of the lakes to be located on land use types which 

have significantly greater nutrient concentrations. Lakes collect stormwater runoff and most of 

the lakes in this evaluation were located in developed areas with golf courses. Concentrations of 

total nitrogen and total phosphorus in The Dunes stormwater system (lake) is significantly less 

(GLM ANOVA, p = <0.001, t = 76.1 (TN), t= 57.8 (TP)) than concentrations in the surficial 

aquifer (Figure 37). Sanibel lakes are currently being sampled and analyzed for nutrients under 

the next phase of the comprehensive nutrient management plan development. Information 
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obtained from that effort will allow more thorough evaluation of the relationship of community 

lakes to the Sanibel environment.  

Statistically significant lower concentrations of TN, TP and IN were found at sites 

influenced by tides (Table 7). Colored dissolved organic matter (CDOM) was also lower at these 

sites. The diluting effects of the tide are likely the reason for this finding. However, the highly 

aerated shelly sand shoreline sites may promote more mobile nutrient species, preventing 

accumulation of nutrients in the soil which occurs at sites with greater organic content. In 

general, these sites exhibit greater groundwater flow rates, helping to flush the nutrients to 

adjacent surface waters. 

Sites with higher rates of evapotranspiration were found to have significantly greater 

concentrations of TP, OP, TN and IN. A Spearman’s correlation analysis found a significant but 

weak positive relationship between evapotranspiration and nutrient concentrations (r
2
 from .14 to 

0.27).  Higher rates of evapotranspiration were associated with sites which were densely 

vegetated, having greater organic content in the soil. The higher ionic holding capacity of 

organic soils combined with lower aeration, helps immobilize nutrients, holding them in place 

and producing higher local concentrations. Salinity was also significantly greater at sites with 

higher evapotranspiration. Boggess (1974) and Provost (1953) both found interior vegetated 

habitats to have higher salt content. The dewatering of soils by evapotranspiration concentrates 

salts and lowers the local freshwater lens on the water table. As the freshwater lens drops, the 

higher salinity layer below is exposed. This process increases salinity of these sites over years 

and years of the process.  

Surprisingly, no significant difference was found for surficial groundwater nutrient 

concentrations for periods immediately following rain events compared to those after a period of 

at least 7 days of no rain (Table 7). Rainwater percolating through the soil with pollutants 

gathered from terrestrial environments might were theorized to immediately increase 

concentrations of nutrients in the surficial aquifer. However, as found in phase 2 of the nutrient 

management plan development, mean stormwater concentrations of nutrients are often less than 

mean surficial aquifer concentrations. Soils with organic content and high exchange capacity can 

concentrate nutrients (Follett, 1995).  

Maps of nutrient concentrations (and loads) in the Sanibel surficial aquifer were 

developed using ArcGIS10 interpolation methods (Figures 38-42). Though these maps can be 
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used to get a good general feeling for concentration distribution over the island, they are based 

on a small number of samples relative to island size. Interpretation of concentrations on a 

detailed scale using these maps should be done with caution. Actual concentrations are only 

known at sample sites (shown as triangles), and are study period dependent.  

Mean surficial aquifer salinity was lowest in those areas with greatest off-island flow, 

near eastern shorelines and beach areas, mid island beaches and the sanctuary (Figure 43). 

Provost had similar findings in 1953 stating the freshest waters were near the Gulf and saltiest 

near vegetated interior sites. Boggess (1974) found the highest salinity in groundwater on the 

north half of island. Our findings were similar with high salinities in the wooded low areas north 

of Sanibel Captiva Road (Figure 43). High salinity groundwater was also prevalent around 

Bowman’s Beach and Clam Bayou. This is likely due to the constantly changing coastal 

morphology of this area. Blind Pass has migrated many times in recent history, sometimes 

bringing tidal salt water through this area. 

Interpolated concentrations of surficial aquifer IN are shown in colored contours from 

blue (low concentration) to red (high concentration) (Figure 38). The contour scales were set at 

levels relevant to potential environmental impact. Studies (USGS 2009, Reilly et al. 2015) have 

revealed natural background concentrations of NOx and ammonia in Florida surficial 

groundwater to be about 0.2 mg/l for each constituent and the Florida surficial aquifer 

monitoring network results use 0.34 mg/l IN as the natural background concentration for SW 

Florida (Figure; 23 Florida DEP 2016). Concentrations at or below this level were shown in blue 

in the GIS analysis. The national median concentration for surficial groundwater was 1.85 mg/l 

for NOx and 0.24 mg/l for ammonia (USGS 2009). In addition, USGS found the highest 

concentration of ammonia to be 0.4 mg/l for Florida citrus lands.  Based on this information 2.4 

mg/l IN was classified as high (reddish) while 2.0 mg/l was high for NOx. The interpolated maps 

show most of Sanibel’s surficial aquifer to be low in the more mobile NOx (Figure 39) while 

high in the largely immobile ammonia nitrogen (Figure 38). Ammonia is associated with 

fertilization as well as organic degradation activity in hydric wetland soils prevalent on Sanibel. 

Ammonia nitrogen surrounded by hydric soils is slow to be oxidized to NOx, keeping it fairly 

immobile (Bohlke 2006). The interpolated maps show the highest concentrations of surficial 

aquifer IN around golf courses, WWTP land uses and development in general. 
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The interpolated TN map (Figure 40), reflects the IN map, however much of the TN in 

groundwater is contributed by CDOM.  The Sanibel surficial aquifer is high in CDOM, 

averaging 580 QSE across all project sites compared to the mean CDOM value of 78 QSE for 

the Caloosahatchee River at Ft Myers (SCCF RECON). A significant and moderately strong 

relationship exists between Sanibel’s surficial aquifer TN and CDOM (r
2
 = 0.48, p < 0.001). Golf 

courses, WWTP and areas of highest development density were interpolated to have highest TN 

values for the surficial aquifer.  

Phosphorus is less mobile in groundwater than nitrogen. Inorganic phosphorus (OP) in 

the surficial aquifer was highest for golf course and WWTP (adjacent reclaimed water ponds) 

land use types (Figure 41). Interpolated maps of surficial groundwater OP concentrations made 

in ArcGIS 10 have contours from blue (low concentration) to red (high concentration). The 

contour scales were set at levels relevant to potential environmental impact. Studies (USGS 

SOFL 2009; FLDEP 2016) have revealed natural background concentrations of OP in Florida 

surficial groundwater to be about 0.02-0.04 mg/l. National median concentrations were 0.01 mg/l 

OP over all land classes. Concentrations at or below background levels were shown in blue in the 

GIS analysis, while high concentrations were more reddish. The highest mean OP concentration 

in Florida surficial aquifers was about 0.79 mg/l for citrus lands (USGS SOFL 2009). The GIS 

interpolation predicts a large portion of mid-eastern Sanibel Island (associated with golf courses, 

reclaim water storage and lift stations) to exhibit high levels of OP in the surficial aquifer 

reaching some of the highest levels reported for the DEP Florida data. 

TP results mirrored OP results (Figure 42). On the average, OP accounted for more than 

90% of phosphorus in the filtered samples.  This was expected as phosphorus is easily bound to 

soil and the methodology for determining OP selects for dissolved phosphorus. Soil acts as a 

filter for phosphorus. Again TP is shown to be a concern near the golf courses and WWTP land 

use types.  

An interpolated map of surficial aquifer salinity was also produced (Figure 43). In 

general the lowest salinities are found in areas where groundwater flow is greatest (refer to 

Figure 18) and highest salinities where flow was found to prevail onshore or evapotranspiration 

was greatest. These interpretations are sensible according to previous discussion in this 

document. 
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Impacts that surficial groundwater discharges have cannot be estimated based on 

concentration or flow data alone. Areas with high concentrations of nutrients sometimes have 

low discharge rates, while areas with high discharge rates can have low nutrient concentrations. 

Evaluation of loading rates provided a more accurate representation of areas of concern related to 

nutrient discharges to adjacent surface waters.  

GIS-interpolated maps of surficial aquifer nutrient loads to adjacent surface water give a 

more accurate picture of nutrient “hotspots” on Sanibel. For all nutrients, wet season generally 

has higher loading rates from all areas due to significantly higher discharge rates. For all 

nutrients and both seasons; The Dunes, Wulfert Point and eastern Sanibel have relatively greater 

loading rates than the remainder of the island (Figures 44-50). These rates are due in large part to 

golf course surficial aquifer concentrations. Areas south of Casa Ybel stretching to near Murex 

Lakes become significant contributors of either IN or OP (the nutrients of biggest concern) 

depending on season (Figures 44, 45, 48, 49).   

The area at the end of Bailey Road also produced a high loading of both nitrogen and 

phosphorus due to a large flow rate. This finding fits with a previous interpolated surface water 

map indicating high IN concentrations in San Carlos Bay near the shore of Sanibel (Thompson 

2013). The source of those concentrations may be the surficial aquifer discharge in this area. 

As previously stated, 3.51 million cubic meters of groundwater was discharged from 

Sanibel Island in 2015 to the Gulf of Mexico, 1.08 million cubic meters to Pine Island Sound and 

0.24 cubic meters to the Sanibel Slough for a total surficial aquifer discharge of 4.83 million 

cubic meters (Table 3). Using the aquifer nutrient concentrations and aquifer flows obtained for 

wet and dry season, the loading rate to waters adjacent Sanibel was 3840 kg./yr. for IN, 12,188 

kg./yr. for TN, 989 kg./yr. for OP and 1, 170 kg./yr. for TP (Table 3; Table 8).  The estimated 

nitrogen loading values associated with groundwater discharges are considerably greater (2.5 

times for IN) than estimates of loadings from stormwater runoff (Figures 51 and 52), while the 

estimated loading of phosphorus is about the same as stormwater estimates (Figures 53 and 54).  

Principal components analysis of loading rates for land use types groups the golf course 

and WWTP sampling sites together with similar large loading rates of all nutrients (Figure 55). 

PCA analysis also shows reclaimed water sites as contributing higher total nutrient loads 

(especially the golf courses) (Figure 56). 
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A comparison was made of groundwater nutrient concentrations verses Sanibel Slough 

concentrations at the three monitoring sites located adjacent Sanibel Slough (Figure 57). In 

general groundwater concentrations were much greater than the mean surface water 

concentrations (Figures 58 and 59). When stormwater is compared to both groundwater and 

surface water an interesting relationship is seen. For TN, stormwater dilutes the aquifer loading 

to the Sanibel Slough and this effect can account for lower concentrations of TN in the slough 

than in the groundwater (Figure 60). However for TP (Figure 61), stormwater runoff has higher 

concentrations than the Sanibel Slough or aquifer and can be explained by the tendency of 

phosphorus to adsorb to soil and sediment particles. Phosphorus is filtered from water flowing 

over or through soil due to the soil’s ion exchange capacity.    

Higher nitrogen concentrations in groundwater than stormwater can be explained by the 

dynamics of stormwater runoff and rain percolation through the soil.  Only about 60% of rain 

events on Sanibel between 2011 and 2013 produced runoff (Thompson et Al. 2014). About 40% 

of the events produced no runoff because modeling suggests it takes 0.3-0.5 inches of rain to 

produce stormwater runoff (Thompson et Al. 2014). The initial water volume during a rain event 

pools on surfaces, evaporates or percolates through the soil before any runoff begins. The main 

source of nutrients in runoff or groundwater is terrestrial applied fertilizers, animal waste or 

irrigation with reclaimed waters. The initial flow of water from a rain event will pick up any 

nitrogen and phosphorus accumulated on the terrestrial surface and move these nutrient loads 

through the ground in the form of percolation. Only later, when the ground becomes more 

saturated with rain, will stormwater runoff actually occur. Irrigation may not produce any runoff 

but produces large amounts of percolation through the soil. Irrigation water moves nutrients 

through the soil (and may contain its own high load of nutrients if its source is reclaimed 

wastewater) and into the groundwater similarly to the first water from a rain event. Surface water 

runoff samples will not have lower concentrations of nitrogen than groundwater because the first 

flush of rainwater containing greatest nutrient concentrations typically percolates through the 

ground. 

 

Summary 

 This study has shown that nutrient loading from surficial aquifer discharge is at least as 

important as nutrient loads from stormwater runoff. Estimates of stormwater runoff coefficients 



20 

 

in Phase 2 of this project showed about 30% of the total rain falling on Sanibel exits Sanibel as 

stormwater runoff. This leaves about 70% of annual rainfall to percolate into the surficial aquifer 

or to be lost as evapotranspiration. Total nitrogen load from Sanibel’s groundwater is estimated 

to be over 2 times greater than its stormwater runoff.  Phosphorus loads for aquifer discharges 

are about equal to stormwater runoff estimates. Typically, concentrations of nutrients found in 

the surficial aquifer are equal or greater than concentrations found in stormwater. Fertilizer, 

reclaimed water and other sources of nutrients are preferentially transported to groundwater via 

storm events or high water table levels and soils often help to concentrate nutrients with their ion 

exchange capacity. Nutrient management activities must consider the pathways nutrients will 

take to the ultimate receiving waterbody and reduce this transport. Legacy nutrients associated 

with historical septic systems and OSTDs will continue to affect the groundwater aquifer and 

consequently local surface water for an unknown period after stormwater-based management 

activities are implemented.   

Golf courses and reclaimed water are two factors found to be associated with higher 

nutrient concentrations and loading rates from the surficial aquifer. Golf courses fertilize and use 

nutrient-laden reclaimed water for irrigation. To reduce loadings from these sources, a reduction 

in discharge of reclaimed water and usage of fertilizer is warranted.   

The WWTP site adjacent to the Gumbo Limbo wastewater lift station had the highest 

concentrations of OP and relatively high concentrations of nitrogen indicating there may be some 

association with wastewater. Investigation showed the leaking Gumbo Limbo wastewater 

treatment plant was located adjacent the monitoring site until 1993. Spillage, leakage and 

maintenance issues with the plant are almost certainly the source of higher nutrient 

concentrations found at that site. This is one example of how legacy nutrient loadings can impact 

current water quality. 
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Figure 1. Location of 52 wells installed for this study. Most wells were installed in pairs and the scale of this map does not allow 

resolution of each well when they are in close proximity. 
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Table 1. Information for monitoring wells installed during this study. 
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Figure 2. Typical installed well with locking cap and identification sticker. 
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Table 2. Sampling schedule determined before study initiated 

to allow wet and dry season comparison. 
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Figure 3-5. Sampling groundwater using tubing pump. Installing Onset data logger in well. Downloading data from logger for 

transfer to office computer. 
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Figure 6. Rainfall data used for this study. Taken from real time weather station data at SCCF installations at The Dunes, 
Tarpon Bay Weir and SCCF Marine Lab. Rainfall volumes shown in inches (y axis). 
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Figure 7. Tidal influence on Gulf shore well groundwater level. Tide elevation relative to MSL plotted on secondary y axis.  
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Figure 8. Typical rain influence on groundwater level measured in monitoring wells. Rain event is shown with blue column.  
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Figure 9. Evapotranspiration influence on groundwater level. Diel cycle evident with groundwater levels lowered by greater 

daytime evapotranspiration and rebounding during lower nighttime (shaded areas) rates.  
.  
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  Table 3. Estimated groundwater discharge to surface waters adjacent to Sanibel, with comparison to previously developed estimates for 

stormwater discharges. 
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Table 4. Groundwater discharge calculations by site and receiving waterbody derived using Darcy’s law. 
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Figure 10. Annual Sanibel groundwater discharge estimates made in this study compared to annual 

stormwater estimates made in previous study. 

2015 Data 
Annual 

Mean 
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Figure 11. . Mean wet and dry season flow at sites discharging to Gulf of Mexico. Wet season flow is significantly greater than dry 

season (paired t-test, p< 0.001, T = 6.5 ) 
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Figure 12. Mean wet and dry season flow at sites discharging to Pine Island Sound. Wet season flow is significantly 

greater than dry season (paired t-test, p< 0.001, T = 13.2) 
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Figure 13. Mean wet and dry season flow at sites discharging to Sanibel Slough. Dry season flow is significantly greater than 

wet season (t-test, p< 0.001, T = 4.1) 
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Figure 14. Typical relationship of groundwater level and Sanibel Slough water level showing hydraulic gradient sloping away from 

slough when water level held artificially high, but reversing after rain event for a short period. GW 52 is adjacent (< 4 meters) Sanibel 

Slough while GW 52 is 100 meters away.  
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Figure 15. Groundwater flow during high water level in slough. 
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Figure 16. Groundwater flow after rain event or during low water level in the slough. 
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Figure 17: Interpolated map of surficial aquifer groundwater flow during 2015-2016 dry season. 
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Figure 18: Interpolated map of surficial aquifer groundwater flow during 2015-2016 wet season. 
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Table 5. Mean groundwater concentration data by monitoring site. 
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  Figure 19. Inorganic nitrogen (IN) by groundwater site. Mean represented by dot, median by horizontal line within box, 25
th

 and 75
th

 quartiles 

by upper and lower boundaries of box, and range by vertical line.  
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Figure 20. Total nitrogen (TN) by groundwater site. Mean represented by dot, median by horizontal line within box, 25
th

 and 75
th

 quartiles by 

upper and lower boundaries of box, and range by vertical line.  
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  Figure21. Orthophosphate (OP) by groundwater site. Mean represented by dot, median by horizontal line within box, 25
th

 and 75
th

 quartiles by 

upper and lower boundaries of box, and range by vertical line. 
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Figure 22. Total phosphorus (TP) by groundwater site. Mean represented by dot, median by horizontal line within box, 25
th

 and 75
th

 quartiles 

by upper and lower boundaries of box, and range by vertical line.  
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Figure 23. The Florida surficial aquifer background network mean IN concentration for southwest Florida compared to 

Sanibel mean surficial aquifer IN. eh Florida state drinking water criteria for well water is also shown for comparison 

purposes by red line. 
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Figure 24. The Florida surficial aquifer background network mean TN concentration for southwest Florida compared to 

Sanibel mean surficial aquifer TN. The Florida state water quality criteria value for Pine Island Sound is also shown (red line) 

for comparison. 
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Figure 25. The Florida surficial aquifer background network mean OP concentration for southwest Florida compared to 

Sanibel mean surficial aquifer OP. 



51 

 

 

  

Figure 26. The Florida surficial aquifer background network mean TP concentration for southwest Florida compared to 

Sanibel mean surficial aquifer TP. The Florida state water quality criteria value for Pine Island Sound is also shown (red line) 

for comparison. 

 

PIS criteria 0.06  
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Table 6. Groundwater site factors for statistical evaluations. 

WWTP 



53 

 

 

Table 7. Results of statistical analyses performed in Minitab 13 using the general linear model ANOVA. Statistically significant 

results are shown in bold. 
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Table 7 (cont). Results of general linear model ANOVA. Significant findings shown in bold. 

PSU PSU 
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Figure 27. Inorganic nitrogen (IN) by land use class. Mean represented by dot, median by horizontal line within box, 25
th

 and 75
th

 quartiles by 

upper and lower boundaries of box, and range by vertical line.  Golf course (GC), High density residential (H), Medium density (M), Low 

density (L), Natural (Nat), Recreation (Rec), and wastewater treatment (WWTP).  
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Figure 28. Total nitrogen (TN) by land use class. Mean represented by dot, median by horizontal line within box, 25
th

 and 75
th

 quartiles by 

upper and lower boundaries of box, and range by vertical line.  Golf course (GC), High density residential (H), Medium density (M), Low 

density (L), Natural (Nat), Recreation (Rec), and wastewater treatment (WWTP).  
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Figure 29. Orthophosphate (OP) by land use class. Mean represented by dot, median by horizontal line within box, 25
th

 and 75
th

 quartiles 

by upper and lower boundaries of box, and range by vertical line.  Golf course (GC), High density residential (H), Medium density (M), 

Low density (L), Natural (Nat), Recreation (Rec), and wastewater treatment (WWTP).  
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Figure 30. Total phosphorus (TP) by land use class. Mean represented by dot, median by horizontal line within box, 25
th

 and 75
th

 quartiles 

by upper and lower boundaries of box, and range by vertical line.  Golf course (GC), High density residential (H), Medium density (M), 

Low density (L), Natural (Nat), Recreation (Rec), and wastewater treatment (WWTP).  
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Figure 31. PCA using nutrient concentration data only. Sites are identified by  land use type. Sites with higher nutrient concentrations are 
plotted to the right side of graph. 
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Figure 32. Inorganic nitrogen (IN) at sites near reclaim water (RC) irrigation and those without irrigation nearby (NRC). Mean represented by 

dot, median by horizontal line within box and labeled, 25
th

 and 75
th

 quartiles by upper and lower boundaries of box, and range by vertical line. 

Stars are outliers.  
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Figure 33. Total nitrogen (TN) at sites near reclaim water (RC) irrigation and those without irrigation nearby (NRC). Mean 

represented by dot and labeled, median by horizontal line within box, 25
th

 and 75
th

 quartiles by upper and lower boundaries of box, 

and range by vertical line.  
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Figure 34. Orthophosphate (OP) at sites near reclaim water (RC) irrigation and those without irrigation nearby (NRC). Mean represented 

by dot and labeled, median by horizontal line within box, 25
th

 and 75
th

 quartiles by upper and lower boundaries of box, and range by 

vertical line.  Stars are outliers.  
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Figure 35. Total phosphorus (TP) at sites near reclaim water (RC) irrigation and those without irrigation nearby (NRC). Mean represented by 

dot and labeled, median by horizontal line within box, 25
th

 and 75
th

 quartiles by upper and lower boundaries of box, and range by vertical line.  

Stars are outliers.  
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Figure 36. PCA on concentration data only showing sites with (R) and without (N) reclaim water irrigation in vicinity. Sites with higher nutrient 

concentrations are plotted to the right side of graph. 
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Figure 37. Groundwater near The Dunes stormwater ponds is significantly greater in TN and 

TP than the ponds. 
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Figure 38. GIS-derived map of interpolated IN concentrations in Sanibel’s surficial aquifer groundwater. Maps are intended 

to estimate very broad characteristics and not detailed local conditions due to limited number of data collection points within 

a large area of interpolation.  
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  Figure 39. GIS-derived map of interpolated NOx concentrations in Sanibel’s surficial aquifer groundwater. Maps are intended 

to estimate very broad characteristics and not detailed local conditions due to limited number of data collection points within a 

large area of interpolation.  
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Figure 40. GIS-derived map of interpolated TN concentrations in Sanibel’s surficial aquifer groundwater. Maps are 

intended to estimate very broad characteristics and not detailed local conditions due to limited number of data collection 

points within a large area of interpolation.  
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Figure 41. GIS-derived map of interpolated OP concentrations in Sanibel’s surficial aquifer groundwater. Maps are 

intended to estimate very broad characteristics and not detailed local conditions due to limited number of data collection 

points within a large area of interpolation.  
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Figure 42. GIS-derived map of interpolated TP concentrations in Sanibel’s surficial aquifer groundwater. Maps are 

intended to estimate very broad characteristics and not detailed local conditions due to limited number of data collection 

points within a large area of interpolation.  



71 

 

  
Table 8. Nutrient loading estimates for dry (DS) and wet seasons (WS) by site and receiving waterbody. 
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Table 8 b. Total nutrient loading estimates from Sanibel’s surficial aquifer by 

site and receiving waterbody. 
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Figure 43. GIS-derived map of mean surficial aquifer salinity from interpolation of sampling results.  Red color indicates 

higher salinities and blue lower salinities. 
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 Figure 44. GIS-derived map of mean dry season IN loading produced from interpolation of surficial aquifer sampling results and flow 

estimates.  Red color indicates higher loading rates to surface waters while blue color indicates low loading rate. 
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Figure 45. GIS-derived map of mean wet season IN loading produced from interpolation of surficial aquifer sampling results and 

flow estimates.  Red color indicates higher loading rates to surface waters while blue color indicates low loading rate. 
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Figure 46. GIS-derived map of mean dry season TN loading produced from interpolation of surficial aquifer sampling results and 

flow estimates.  Red color indicates higher loading rates to surface waters while blue color indicates low loading rate. 
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Figure 47. GIS-derived map of mean wet season TN loading produced from interpolation of surficial aquifer sampling results and 

flow estimates.  Red color indicates higher loading rates to surface waters while blue color indicates low loading rate. 
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Figure 48. GIS-derived map of mean dry season OP loading produced from interpolation of surficial aquifer sampling results and 

flow estimates.  Red color indicates higher loading rates to surface waters while blue color indicates low loading rate. 
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Figure 49. GIS-derived map of mean wet season OP loading produced from interpolation of surficial aquifer sampling results and 

flow estimates.  Red color indicates higher loading rates to surface waters while blue color indicates low loading rate. 
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Figure 50. GIS-derived map of mean dry season TP loading produced from interpolation of surficial aquifer sampling results and 

flow estimates.  Red color indicates higher loading rates to surface waters while blue color indicates low loading rate. 
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Figure 50 a. GIS-derived map of mean wet season TP loading produced from interpolation of surficial aquifer sampling results and 

flow estimates.  Red color indicates higher loading rates to surface waters while blue color indicates low loading rate. 
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Figure 51. In load from surficial aquifer compared to annual average stormwater runoff load.  
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Figure 52. TN load from surficial aquifer compared to annual average stormwater runoff load.  
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Mean 
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Figure 53. OP load from surficial aquifer compared to average annual stormwater runoff load.  
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Mean 
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Figure 54. TP load from surficial aquifer compared to average annual stormwater runoff load.  

2015 Data 
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Mean 
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Figure 55. PCA using nutrient concentration and flow data plotted by land use type. High 

flows are toward right and high concentrations are toward top. Highest loads (and most 

concern) are toward top and right. 
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Figure 56. PCA using nutrient concentration and flow data plotted by use or non-use of 

reclaim water for irrigation. High flows are toward right and high concentrations are 

toward top. Highest loads (and most concern) are toward top and right. 
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Figure 57. Location of surficial aquifer monitoring sites (triangles) adjacent Sanibel Slough shown with City of Sanibel’s NPDES 

surface water monitoring sites shown with red points. 



89 

 

 

 

  

Figure 58. Comparison of mean surface water quality data from Sanibel slough (WQ) to mean surficial aquifer 

data from groundwater site adjacent surface water sampling site. 
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Figure 59. Comparison of mean surface water quality data from Sanibel slough (WQ) to mean surficial aquifer 

data from groundwater site adjacent surface water sampling site near Sanibel golf course.. 
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Figure 60.The diluting effects of stormwater runoff into Sanibel Slough. WQ sites 

are surface water sites on Sanibel Slough and SGW sites are groundwater sites 

adjacent Sanibel Slough. 
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Figure 61. The loss of P to sediments in Sanibel Slough and to soil above the surficial 

aquifer (SGW) is evident in the lower concentrations of P in aquifer and surface water 

on Sanibel Slough (WQ sites). 


